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Radial glia are among the first cells that develop in the embryonic central nervous system. They are progenitors of glia and neurons but
their relationship with restricted precursors that are also derived from neuroepithelia is unclear. To clarify this issue, we analyzed expression
of cell type specific markers (BLBP for radial glia, 5A5/E-NCAM for neuronal precursors and A2B5 for glial precursors) on cortical radial
glia in vivo and their progeny in vitro. Clones of cortical cells initially expressing only BLBP gave rise to cells that were A2B5+ and
eventually lost BLBP expression in vitro. BLBP is expressed in the rat neuroepithelium as early as E12.5 when there is little or no staining for
A2B5 and 5A5. In E13.5–15.5 forebrain, A2B5 is spatially restricted co-localizing with a subset of the BLBP+ radial glia. Analysis of cells
isolated acutely from embryonic cortices confirmed that BLBP expression could appear without, or together with, A2B5 or 5A5. The
numbers of BLBP+/5A5+ cells decreased during neurogenesis while the numbers of BLBP+/A2B5+ cells remained high through the
beginning of gliogenesis. The combined results demonstrate that spatially restricted subpopulations of radial glia along the dorsal–ventral
axis acquire different markers for neuronal or glial precursors during CNS development.
D 2004 Elsevier Inc. All rights reserved.Keywords: Cortical development; Restricted precursors; Dorsal–ventral; A2B5; 5A5; 4D4; GRP; NRP
Introduction migration of neural cells from proliferative zones to theirRadial glia have been recognized previously as glial
progenitors (Levitt et al., 1983; Voight, 1989), but recently,
they have been found to be neurogenic (Fishell and Krieg-
stein, 2003; Gotz et al., 2002). Moreover, radial glia are
likely to be the major neuronal precursors during develop-
ment of the rodent cortex (Noctor et al., 2002). Although the
name radial glia (Rakic, 1971) has been widely accepted,
the biology of these cells has been difficult to study because
they are unstable when removed from their native environ-
ments. The cell bodies of radial glia are confined to the
ventricular zone, but their processes span the width of the
neural tube. Consistent with their morphology, one major
function of radial glia is to serve as guides for radial0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: mgrumet@rci.rutgers.edu (M. Grumet).postmitotic destinations (Rakic, 1990). Radial glia are found
transiently in regions of the nervous system where laminat-
ed structures develop including the cortex, cerebellum,
spinal cord and retina (Cajal, 1995). Radial glia persist in
mature neural tissues primarily as Bergmann glia in the
cerebellum and Muller cells in the retina (Fedoroff and
Vernadakis, 1986), and the latter can be induced to become
neurogenic (Fischer and Reh, 2001).
Several cellular markers have been used to identify radial
glia including RC1 (Edwards et al., 1990), RC2 (Misson et
al., 1988) and antibodies against brain lipid-binding protein
(BLBP) (Feng et al., 1994), glutamate transporter GLAST
(Shibata et al., 1997), glial fibrillary acidic protein (GFAP)
(Dahl et al., 1985), vimentin (Pixley and de Vellis, 1984)
and nestin (Hockfield and McKay, 1985). Other cell surface
markers have been used to isolate cells with restricted fates
in culture from the developing spinal cord (Liu et al., 2002;
Mayer-Proschel et al., 1997; Rao and Mayer-Proschel,
1997). One population called neuronal restricted precursor
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from embryonic spinal cord using monoclonal antibody 5A5
(Mayer-Proschel et al., 1997). A different population called
glial restricted precursor (GRPs) can be fractioned using the
A2B5 antibody, which recognizes a carbohydrate antigen
different from 5A5 (Rao and Mayer-Proschel, 1997). In
developing spinal cord, the distributions of cells expressing
5A5 and A2B5 are nonoverlapping (Liu et al., 2002). It has
been suggested that most of the precursor cells in the
ventricular zone (VZ) of E14.5 rat spinal cord are either
A2B5+ or 5A5+, with less than 10% of the cells lacking
either marker (Cai et al., 2002).
Although radial glia and lineage-restricted precursors
have been studied separately, recent studies have demon-
strated that radial glia are neuronal precursors that can
produce neurons (Malatesta et al., 2000, 2003; Miyata et
al., 2001; Noctor et al., 2001). In addition, most if not all
dividing precursors in the VZ of the developing cortex
express the radial glial marker, vimentin (Noctor et al.,
2002). Considering that neural stem cells give rise to
restricted precursors and that radial glia are neural stem
cells, then radial glia should give rise to restricted precur-
sors. To address this issue directly, we examined the
developing rat forebrain comparing the radial glia marker
BLBP with 5A5 and A2B5. We found that radial glia, which
in vitro initially express BLBP, gradually acquire A2B5 as
they lose BLBP, indicating that radial glia can give rise to or
transition to restricted precursors. Moreover, we demon-
strate that different subpopulations of radial glia in devel-
oping forebrain express A2B5 or 5A5, and the co-
expression of each of these markers with BLBP is regulated
temporally and spatially along the dorsal ventral axis.Materials and methods
Neurospheres and characterization of radial glial-like cell
clones
Forebrains of E14.5 rat embryos were dissected and
the meningeal membranes were removed. Tissues were
dissociated into single cell suspensions using fire-polished
Pasteur pipettes and 106 cells were incubated on 10-cm
dishes in DMEM/F12 (Invitrogen) supplemented with 25
mM glucose (Sigma), 2 mM glutamine (Invitrogen),
penicillin/streptomycin (Invitrogen), 10 ng/ml FGF2 (BD
Biosciences), 2 Ag/ml heparin (Sigma) and 1 B27
(Invitrogen). Cells that propagated as neurospheres for 3
to 4 days were dissociated again by trypsinization. For
immortalization, the cells were seeded on laminin-coated
substrates and cultured in the presence of 10 ng/ml FGF2
and 10 ng/ml leukemia inhibitory factor (LIF, Chemicon)
for two more days. The treated cells were then infected
with PK-VM-2 retrovirus produced in packaging cell lines
(from Dr. E. Snyder) as described (Villa et al., 2000).
Briefly, the cells were incubated with 5 ml of serum-freeinfection medium including 50% viral supernatant, 25%
fresh DMEM/F12 medium and 25% neurosphere-condi-
tioned medium with 8 Ag/ml polybrene (Sigma) for 8 h.
This infection procedure was repeated twice during a 24-
h period. Infected cells were then selected by their
resistance to 200 Ag/ml G418 (Invitrogen). After 4–5
days in selection, individual colonies were expanded and
immunostained. Colonies contained BLBP+ cells with a
polarized morphology and epithelioid-shaped cells that
were BLBP. Several colonies including L2 were
recloned by limiting dilution yielding clones that were
BLBP+ (e.g. L2.3) and others that were BLBP (e.g.
L2.2). For differentiation, cells were cultured on laminin-
coated coverslips in FGF2 containing serum-free medium
for 1 day, then the medium was replaced with culture
medium lacking FGF2, including 1% fetal bovine serum
(FBS), for 6 days, and the cultures were fixed and
immunostained.
Immunofluorescence
Cultured cells were fixed with 4% paraformaldehyde
for 15 min at room temperature (RT), washed three times
with phosphate-buffered saline (PBS), followed by incu-
bation with primary antibodies. Fixed cells were incubated
with PBS, 10% normal goat serum including primary
antibodies for 1 h at RT. Triton (0.3%) was included in
the staining buffer only when detecting intracellular anti-
gens. After washing with PBS, cells were incubated with
secondary antibodies, washed and mounted with Gel-
Mount (Biomeda corp.).
Embryos were dissected from timed pregnant Sprague–
Dawley rats (Hilltop), fixed overnight by immersing in 4%
paraformaldehyde, cryoprotected with sucrose and embed-
ded in OCT (Fisher Scientific). For A2B5, a light fixation
was done using 2% paraformaldehyde. Sections of 15 Am
were cut, collected on Superfrost Plus microscope slides
(Fisher Scientific) and stored at 80jC. Sections were
blocked with PBS, 10% normal goat serum for 2 h at RT
and then incubated with primary antibodies for overnight
at 4jC. After washing with PBS, secondary antibodies
were applied and incubated for 2 h at RT. The sections
were then washed again and mounted with Gel-Mount.
The primary antibodies used are listed in Table 1. Sec-
ondary antibodies included Rhodamine (TRITC) goat anti-
mouse IgM (Jackson ImmunoResearch, A chain specific,
1:200), Oregon Green goat anti-rabbit IgG (Molecular
Probes, 1:200) and Rhodamine-Red goat anti-mouse IgG
(Molecular Probes, 1:200). DAPI (Sigma, 10 Ag/ml) was
included in the secondary antibody incubations to label
nuclei.
Neuronal migration assay on radial glial-like clone L2.3
L2.3 cells were plated in DMEM/F12 culture medium
supplemented with 2% FBS in six-well tissue culture plates
Table 1
Markers used to identify cells
Antibodies Species Dilution Target neural phenotype RG Source
A2B5 Mouse IgM 1:200 GRP, oligodendrocyte progenitor +/ Chemicon
4D4 Mouse IgM neat GRP, oligodendrocyte progenitor +/ Kaprielian lab
5A5/E-NCAM Mouse IgM 1:1 NRP, neuron +/ DSHB
h-III tubulin Rabbit IgG 1:2000 Neuron, neuronal precursor  Covance
TuJ1 Mouse IgG 1:500 Neuron, neuronal precursor  Covance
BLBP Rabbit IgG 1:1000 Radial glia + Heintz lab
GalC Mouse IgG 1:50 Differentiating oligodendrocyte  Mckinnon lab
O4 Mouse IgM 1:6 Differentiating oligodendrocyte  Mckinnon lab
GFAP Rabbit IgG 1:200 Astrocyte +/ Dako
Nestin Mouse IgG 1:20 Neural stem cell + DSHB
NG2 Rabbit IgG 1:500 Oligodendrocyte progenitor +/ Levine lab
RC1 Mouse IgM 1:1 Radial glia + DSHB
Vimentin Rabbit IgG 1:50 Neural stem cell, immature astrocyte + Roche
Marker found (+) or not found () on radial glia (RG); +/, found only transiently or on a subpopulation of radial glia. DSHB, Developmental Studies
Hybridoma Bank.
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Cerebellar granule neurons from postnatal days 2–4 GFP-
rat pups (Ito et al., 2001) were purified by two-step Percoll
gradient (Li et al., 2003). These GFP-labeled granuleFig. 1. Characterization of radial glial-like clone L2.3. Clone L2.3 was derived from
(P2) exhibit bipolar morphology on laminin-coated substrate and have relatively
(corresponding to phase) that preferentially labels cell bodies, nestin and vimentin
neurons (TuJ1), astrocytes (GFAP) and oligodendrocytes (O4) within 4 days. (C
perinatal cerebellum. Time-lapse images show a GFP-labeled granule neuron (arro
of about 100 Am/h. The fluorescent insert shows that this neuron has typical migra
indicated in the figure.neurons were then plated on L2.3 cells at 5:1 ratio and
incubated overnight. After 18 h, time-lapse images were
captured at 10-min intervals with Zeiss Cell Scan micro-
scope recording FITC and phase.E14.5 rat embryonic cortex following v-myc immortalization. (A) The cells
long processes. L2.3 cells express radial glial markers including BLBP
. (B) Upon removal of FGF2 in culture, L2.3 cells readily differentiate into
) Radial glial-like clone L2.3 supports migration of granule neurons from
whead) migrating along the radial process of a L2.3 cell at an average speed
ting morphology with a teardrop soma and a leading process. Scale bars are
al Biology 271 (2004) 225–238Clonal analysis
Single cell suspensions were diluted in culture medium
at approximately 1 cell/100 Al in 96-well plates. Cells were
fed with fresh FGF2 every other day for 4–5 days and
monitored to confirm clonal growth. Clonal neurospheres
were collected, transferred onto laminin-coated coverslips
and incubated for 2 h to allow cell attachment before
fixation and immunostaining. L2.3 cells were maintained
as neurospheres by feeding FGF2 daily and were passed
every 4 days by dissociating the neurospheres and diluting
the cells to 2  104/ml. For each passage of L2.3 clone, the
initial cell suspension was also plated on laminin-coated
coverslips and cultured overnight before fixation and
immunostaining.
H. Li et al. / Development228Fig. 2. Clone L2.3 cells acquires A2B5 antigen in culture. (A) Population
analysis of L2.3 cells in culture (P6) shows that most cells express either
BLBP (short arrow) or A2B5 (arrowhead). Some cells express both A2B5
and BLBP (long arrow), which are probably cells in transition. The table
shows the percentage of BLBP+ and A2B5+ cells in cultures at different
passages. (B) Clonal analysis of L2.3 cells confirmed that BLBP+ L2.3
cells transition to A2B5+ in culture. Clones derived from L2.3 cells were
classified as either BLBP+ only (A2B5, not shown) or A2B5+/BLBP+/
(including clones both A2B5+/BLBP+, left panel; and A2B5+/BLBP,
right panel) and the percentages of each are shown in the table. Although
most cells were initially BLBP+, few P3 and no P6 colonies were obtained
with cells that were BLBP+ only and did not include A2B5+ cells. In
contrast, most P3 or all P6 colonies contained many A2B5+ cells.Results
Generation and characterization of immortalized radial
glial-like clone L2.3
Because of the instability of radial glia in culture, we
generated radial glial clones by immortalizing (Villa et al.,
2000) cells from E14.5 rat embryonic cortical neurospheres
(see Materials and methods) that contain large numbers of
radial glia (Hartfuss et al., 2001). After selection with G418,
individual clones were recloned and characterized. Among
the clones that were generated and characterized, approxi-
mately half (six) were found to express the radial glial
markers BLBP, nestin and vimentin. We examined in detail
L2.3 as a representative clone exhibiting bipolar morphol-
ogy with relatively long processes (Fig. 1A). The group of
clones exemplified by L2.3 cells express markers for radial
glia (Fig. 1A and Table 1) but not for neurons (h-III
tubulin), oligodendrocytes (O4) and astrocytes (GFAP) (data
not shown).
We examined the differentiation potential of L2.3 cells to
determine whether they give rise to neurons and glia. Upon
withdrawal of FGF2 from the culture medium, L2.3 cells
differentiated into neurons, astrocytes and oligodendrocytes
within 4 days (Fig. 1B). The addition of FBS during
differentiation increased the proportion of astrocytes and
decreased the proportion of oligodendrocytes; more oligo-
dendrocytes were obtained without serum or FGF2 and
more neurons with retinoic acid (data not shown; Mabie et
al., 1997; Takahashi et al., 1999). Thus, clone L2.3 shares
both cell type markers and differentiation potential with
radial glia and neural stem cells (Hartfuss et al., 2001;
Noctor et al., 2002).
Another important property of radial glial cells is their
ability to support neuronal migration (Hatten, 1993). There-
fore, we tested L2.3 cells in a neuronal migration assay.
Cerebellar granule neurons isolated from postnatal day 4
GFP rats were incubated with L2.3 cells in co-cultures.
Fluorescent time-lapse recording showed numerous migrat-ing granule neurons along the processes of L2.3 cells
moving at average speeds as high as 100 Am/h (Fig. 1C),
which is similar to the speeds reported previously (Edmond-
son and Hatten, 1987; Friedlander et al., 1998). The results
indicate that L2.3 cells exhibit markers and phenotypic
characteristics of radial glia and may provide a model for
studying radial glia in culture.
al Biology 271 (2004) 225–238 229BLBP+ radial glia transition to acquire the glial progenitor
marker A2B5+ in culture
Given that A2B5 has been useful in identifying glial
progenitors in the optic nerve and in spinal cord (Raff et al.,
1984; Rao and Mayer-Proschel, 1997), it was of interest to
test for this marker on cortical cells. Cortically derived L2.3
cells grown as neurospheres in FGF2 were negative for
A2B5 in early passages and increasing numbers of A2B5+
cells were observed in higher passages (Fig. 2A). A2B5+
cells were not detected at passage 1 (P1) while BLBP+ cells
were predominant in these cultures (>80%), but by P6, the
number of A2B5+ cells had increased to 43% (Fig. 2A). In
contrast, the fraction of BLBP+ cells decreased and roughly
complimented the fraction of A2B5+ cells at any given
passage number (Fig. 2A). Less than 10% of cells were
strongly positive for both BLBP and A2B5 between P1 and
P6. These observations suggest that BLBP+ radial glial cells
become A2B5+ in serum-free medium with FGF2.
Considering that the proliferation rate of neural stem
cells can increase with passage (Morshead et al., 2002), a
H. Li et al. / DevelopmentFig. 3. Clone L2.3 gradually acquires markers of oligodendrocyte lineage. Immuno
NG2+ and GalC+ cells between early (P4) (A) and late passage (P12) (B). In both
stained with DAPI to visualize nuclei. The high-power image (B, right) shows the c
12. Note that strong NG2+ cells only express GalC weakly (arrow) while s
oligodendrocyte precursor cells (Nishiyama et al., 1996). The table (C) sum
oligodendrocyte lineage in L2.3 cultures at early (P4) and late (P12) passages, an
increasing passage the loss of BLBP+ cells and increase in the glial markers A2Bsmall population of A2B5+ precursors in the initial L2.3
culture may gradually dominate the culture during passage
simply because they have a faster proliferation rate. To
address this possibility, we performed clonal analysis on
L2.3 cells at selected passages. At P3, 79.3% of cells in
L2.3 cultures were BLBP+ while only 6.4% of cells were
A2B5+ (Fig. 2A). When single L2.3 cells at P3 were grown
clonally, only 12.9% of the resulting clones contained only
BLBP+ cells, whereas 87.1% of clones had at least some
A2B5+ cells (Fig. 2B). When the clonal analysis was
performed on P6 cells in which only approximately half
of the L2.3 population were BLBP+ (Fig. 2A), single cells
gave rise to no pure BLBP+ clones and 100% of the clones
contained A2B5+ cells (Fig. 2B). The transition of L2.3
cells from BLBP+ to A2B5+ was also consistent with the
appearance of double-positive cells in culture (long arrow
in Fig. 2A), which likely represent cells transiting from
only BLBP+ to BLBP+/A2B5+ towards BLBP/A2B5+.
These data suggest that the progeny of BLBP+ cells in L2.3
cultures become or give rise to A2B5+ cells during
expansion in vitro.staining of L2.3 cells with markers of oligodendrocyte lineage increased in
(A and B), bottom rows are the corresponding images of the top ones co-
ellular localization of NG2 and GalC (plus DAPI) in L2.3 culture at passage
trong GalC+ cells stain weakly for NG2 (arrowhead), as described for
marizes the percentage of cells expressing markers for radial glia and
d also in two A2B5+ clones that were derived from L2.3 at P7. Note with
5, NG2 and GalC.
Fig. 4. Clonal analysis of primary E14.5 cortical progenitor cells. E14.5 cortical cells were dissociated, incubated for 4 days at clonal density, and the
neurospheres that developed were allowed to attach to laminin-coated coverslips for 2 h and immunostained with antibodies anti-BLBP, and either A2B5 or
5A5. Three representative clones showing BLBP+ clones with nearly all (A) or only some (B) cells also positive for the A2B5. Very few or no cells in each
clone are positive for 5A5 (C).
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that they are becoming gliogenic. Therefore, we tested other
markers of glial precursors including NG2 (Liu et al., 2002;
Nishiyama, 2001; Nishiyama et al., 1991) and galactoscer-
ebroside (GalC) (Bansal et al., 1989). The intensity and
number of positive cells increased for both of these markers
with increasing passage of L2.3 cells while BLBP was
diminished or lost (Figs. 3A, B). To analyze further the
properties of the BLBP cells, we cloned P7 of L2.3 cells
by limiting dilution and analyzed several of the resulting
clones. Many of the clones were BLBP and two of these
(clones A and B) were quantitated for cells expressing
A2B5, NG2 and GalC (Fig. 3C). Approximately half of
the cells in each clone expressed A2B5 and NG2, while a
smaller percentage expressed GalC. The results confirm that
BLBP+ cells give rise to A2B5+ cells in culture, suggesting
a transition toward a gliogenic phenotype. In parallel, this
transition is accompanied by increasing numbers of cellsFig. 5. Overlapping expression pattern of BLBP+ radial glia and precursor marker
radial glia markers including RC1 and BLBP. RC1 labels most of the BLBP+ radi
labels only a subset of the RC1+ radial glia in the LGE. BLBP and RC1 co-label ra
tubulin (h-III) show a complimentary distribution pattern with RC1+ radial glia. (
4D4) and neuronal (5A5) precursors. In the VZ, BLBP+ radial glia overlap (yellow
forebrain including ventral cortex and LGE (arrows). In the dorsal part of the foreb
5A5, whereas no overlap with 5A5 can be seen in LGE. The intense label of 5A
neurons that are h-III tubulin positive (see A) and to neuronal precursors. (C) Hig
(arrowheads) and extensive overlap with BLBP+ radial glia in the cortex (arrows
express markers for restricted precursors (arrowhead in BV, arrows in CV); DAPIexpressing other oligodendroglial differentiation markers
including NG2 and GalC.
To analyze the potential biological relevance of the L2.3
phenotype, we investigated the properties of noninfected
cells from E14.5 neurospheres. Our analysis indicated that
cells with phenotypic markers resembling L2.3 and its
progeny can be derived from E14.5 primary neurospheres
in the presence of FGF2. All clones from the primary
neurospheres contained BLBP+ cells, and nearly all clones
contained double-positive (BLBP+/A2B5+) cells with ap-
proximately half of the clones also containing BLBP+/
A2B5 cells (Figs. 4A, B). Considering that only a minor-
ity of acutely dissociated cells from E14.5 cortices were
BLBP+/A2B5+ (see below), the observation that approxi-
mately half the resulting clones were almost exclusively
BLBP+/A2B5+ (Fig. 4A) suggests either selective expan-
sion of these cells or upregulation of A2B5 in culture in the
presence of FGF2 as discussed above for clone L2.3. Ins in rat E15.5 forebrain. (A) Coronal sections showed staining in the VZ for
al glial cells in the VZ, both in LGE and medial GE (MGE), whereas BLBP
dial glia in the cortex (CTX) (arrows). Cortical neurons labeled by anti-h-III
B) Immunostaining of BLBP+ radial glia with markers for glial (A2B5 and
and orange in overlays) more with A2B5 and 4D4 in the ventral part of the
rain including the cortex (arrowheads), BLBP+ radial glia overlap more with
5 in the mantle part of the GE and ventral forebrain corresponds mostly to
h magnification of boxed area in B shows the absence of 5A5 in the LGE
). Confocal images show BLBP+ radial glial cells in VZ of ventral cortex
was used to label nuclei in overlays.
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many had none or only a single 5A5+ cell per clone with
multiple processors typical of neurons (Fig. 4C). Thus, after
culturing E14.5 primary neurospheres for 4 days, the
majority of the cells appear to be either BLBP+/A2B5/
5A5 (like low passage L2.3 cells) or BLBP+/A2B5+/
5A5 (like high passage L2.3 cells), suggesting that
E14.5 primary neurospheres transition from BLBP+ to
A2B5+ cells as do L2.3 cells.
Radial glia express precursor markers A2B5 and 5A5 in
vivo during development
To determine the pattern of expression of markers for
restricted precursors on radial glial in vivo, we used similar
markers to examine forebrains of E14–15 rat embryos from
which the L2.3 clone was derived. Staining for RC1 and
BLBP verified the localization of radial glia to the VZ with
fine processes extending toward the pial surface (Fig. 5A).
RC1 labels radial glial cells in most of the VZ including
cortex and ganglionic eminence (GE), while anti-BLBP
labels most of the VZ. In contrast, h-III tubulin staining
to identify neurons showed a major population of neurons
migrating from the GE in superficial layers of the cortex as
well as some neurons that appear to be migrating radially
along the radial glia (Fig. 5A).
In the E14–15 spinal cord, A2B5 staining resembled
the pattern reported previously in the spinal cord (data not
shown; Liu et al., 2002; Mayer-Proschel et al., 1997). In
contrast, 5A5 labeled neurons in the mantle part of the
spinal cord that were also labeled by the neuronal marker
h-III tubulin, as well as neurons radiating from the
midline (data not shown; Liu et al., 2002). BLBP expres-
sion in E14.5 spinal cord was quite strong in the VZ
where radial glial cell bodies are located. The BLBP+
fibers were found throughout the spinal cord with their
end feet reaching the pial surface as described previously
in the mouse (Feng et al., 1994).
Immunostaining of sections from E15.5 forebrains with
the radial glial marker BLBP revealed expression in the
cortex and GE with stronger expression in the VZ (Fig. 5A).
A2B5 and 5A5 each labeled subsets of BLBP+ cells and
overlap of all three markers was observed in lateral cortex.
A2B5 labeled cells mainly in the lateral part of the forebrain
extending into the lateral GE (LGE) and confocal micros-
copy confirmed the overlap on radial glia (Figs. 5B and BV).
A2B5+ cells overlap with BLBP+ radial glia in more ventral
parts of the cortex and in the VZ of the LGE. Interestingly,
there appears to be a graded pattern of A2B5 staining withFig. 6. Appearance of BLBP+ radial glia prior to expression of precursor markers
4D4 and 5A5 in E12.5 spinal cord (A) and forebrain (C), and in E13.5 spinal
markers are shown. Staining with A2B5 shows a similar pattern to that with 4D4 a
confirms that 5A5 staining at this stage is mostly on neurons (D). Note that in f
markers 4D4/A2B5 and 5A5. (E) Confocal images show overlapping distributions
but not in CTX.more intense staining in the LGE becoming less intense
toward dorsal cortex (Fig. 5B). 5A5 (anti-E-NCAM) has
been shown to label both neurons and neuronal precursors
in the embryonic rat spinal cord (Mayer-Proschel et al.,
1997). In E15.5 forebrain, interneurons in superficial corti-
cal regions that are migrating tangentially were intensely
labeled with 5A5 (Fig. 5B). In contrast, cells in the VZ of
the GE were not labeled with 5A5 (Figs. 5B and C).
However, VZ cells in the cortex exhibited 5A5 staining that
was radially oriented, and confocal microscopy confirmed
the overlap with BLBP+ radial glia in these regions (Figs.
5C and CV). Therefore at E15.5, it appears that A2B5
staining co-localizes with BLBP+ radial glia in lateral and
ventral regions (including the LGE) while 5A5 staining co-
localizes with radial glia in the cortex but not in ventral VZ
regions of the LGE.
These results indicate that major populations of the VZ
cells co-express markers for either neuronal or glial pre-
cursors and radial glia simultaneously at E14–15. Recent
evidence suggests that all or most all neurogenic radial glia
in the brain express BLBP and we examined staining in
younger embryos to determine whether appearance of BLBP
preceded A2B5 or 5A5 during development. BLBP staining
was detected in the spinal cord VZ at E12.5 (Fig. 6A) and
was stronger at E13.5 (Fig. 6B). However, staining for
A2B5 was barely detectable at E12.5 and overlapped with
BLBP at E13.5 in the ventral region of both spinal cord
(data not shown) and forebrain (Fig. 6D). We confirmed that
4D4 and A2B5 have identical staining patterns in the spinal
cord (Liu et al., 2002) and found that pretreatment with 4D4
can inhibit binding of A2B5 (data not shown). Since 4D4
staining is more robust than A2B5, we have used this
antibody in addition to A2B5 to demonstrate that there is
little or no A2B5/4D4 staining in most regions of the rat
spinal cord (Fig. 6B) and forebrain (Fig. 6D) at E12.5. The
results indicate that widespread BLBP expression precedes
or is coincident with very weak expression of A2B5 and
4D4 (Figs. 6A–D), suggesting that radial glial cells appear
before or in certain locations together with A2B5/4D4. In
addition, confocal microscopy on E13.5 forebrain showed
co-localization of 4D4 with BLBP+ radial glial cells in LGE
but not in cortex (Fig. 6E). Thus, only subpopulations of
BLBP+ radial glia express A2B5/4D4.
5A5 staining appears in the cortex by E13.5, but there
was little or no staining at E12.5 (Figs. 6C and D). 5A5 was
detected on newly born neurons (probably derived from the
GE) as confirmed by anti-h-III tubulin staining (Fig. 6D). At
E15.5, 5A5 staining is observed on radial glia in the VZ of
the cortex as well as in the subventricular zone of the GEin developing spinal cord and forebrain. Immunostaining for BLBP, A2B5,
cord (B) and forebrain (D). Overlays between different cell type specific-
s described previously (Liu et al., 2002), and staining with anti-h-III tubulin
orebrain in particular, BLBP+ radial glia appear earlier than the precursor
(arrows) between markers for BLBP and 4D4 at the cellular level in LGE,
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indicate that BLBP+ radial glia in the cortex precede the
appearance of 5A5+ cells that develop from the GE and in
dorsal cortex.
To explore the changes in expression patterns during
development more quantitatively at a cellular level, we
performed immunostaining on acutely dissociated cells from
embryonic forebrains. Cells dissociated from E15.5 cortex
were fixed and double stained with BLBP and A2B5 or 5A5.
Many double-positive cells were found in acutely dissociat-
ed preparations isolated from GE and cortex (Fig. 7),
confirming at the cellular level, the overlapping patterns
observed in vivo. Quantitation of the numbers of double-
positive cells from both regions indicated that among
BLBP+ cells at E15.5, more cells co-expressed 5A5 in the
cortex (62.7%) than in GE (23.6%) (Fig. 7B). In contrast,
there was a higher proportion of BLBP+ cells expressing
A2B5 in GE (70.8%) than in cortex (27.8%). Thus, by
E15.5, >80% of the cells in cortex and GE were positive
for either 5A5 or A2B5.
Histological analyses during development suggested dif-
ferential appearance of A2B5+ and 5A5+ on precursors in
different regions with some overlap in lateral cortex at
E15.5 (Fig. 5B). To analyze these patterns at a cellular
level, we also examined overlapping patterns of markers atFig. 7. Co-localization between markers for radial glia and precursors in
acutely isolated cortical cells. (A) Cortical cells were acutely isolated from
E15.5 embryos, incubated for 2 h at 37jC on laminin-coated coverslips,
fixed and stained. Radial glial cells (BLBP+) can be easily identified
(arrows) expressing A2B5 (panels a and b) and 5A5 (panels c and d). (B)
Cells were isolated acutely from embryonic forebrains at the indicated ages
and from different regions [Ctx (cortex) and GE]. Cells were then plated on
laminin-coated coverslips in bFGF containing serum-free medium for 2 h at
37jC. The cells were then fixed and stained for BLBP, A2B5 and 5A5. The
percentages of double-positive cortical cells among BLBP+ cells were
calculated and shown in the table.earlier and later developmental stages. At E13.5, few
BLBP+ cells co-expressed 5A5 (4.2%) or A2B5 (8.5%)
antigens. However, during neurogenesis at E15.5 in rat,
62.7% of BLBP+ cortical cells co-expressed 5A5 and
27.8% co-expressed A2B5. At the onset of gliogenesis
(E18.5), a greater proportion of BLBP+ cells co-expressed
A2B5 (66.3%) but much fewer cells (16.2%) continued to
co-express 5A5 (Fig. 7B), consistent with the end of neuro-
genesis and early phases of gliogenesis (Temple, 2001).
Taken together, at early times (E12.5–13.5), there is little
expression of precursor markers on BLBP+ cells, and later
nearly all BLBP+ radial glial cells in embryonic forebrain
co-expressed either A2B5 or 5A5. These quantitative data
are consistent with the expression of 5A5 peaking at
approximately E15.5 in the cortex corresponding with the
wave of neurogenesis, while the gliogenic marker A2B5
persisted at high levels later even until E18.5 corresponding
to the early stages of gliogenesis (Temple, 2001).Discussion
This study has addressed key questions on the pheno-
type, diversity and developmental fate of radial glia. Anal-
ysis of the radial glial marker BLBP in vivo and on cells in
vitro suggest that BLBP+ radial glia appear earlier (by
E12.5) than A2B5, a marker for O2A and glial progenitors
in optic nerve and spinal cord (Liu et al., 2002; Raff et al.,
1984), and 5A5, a marker found on neuronal precursors
(Mayer-Proschel et al., 1997). Most BLBP+ cells isolated
acutely from embryonic cortex do not stain with A2B5 or
4D4 at E13.5 but only at later times, supporting the idea that
radial glia give rise to more restricted precursors. Moreover,
immortalized radial glial-like clones isolated from cortex
were initially found to be BLBP+/A2B5 before becoming
BLBP+/A2B5+ and then transition to become BLBP/
A2B5+ as their expression of genes associated with oligo-
dendrocyte differentiation increased. A similar trend was
observed on clones of cells dissociated acutely from the
embryonic brain. The in vivo distribution of BLBP+/A2B5+
radial glia is primarily ventral and partially overlapping with
a population of lateral radial glia that are BLBP+/5A5+,
demonstrating a new aspect of molecular diversity among
developing radial glia.
Radial glia, which have long been thought of as glia or
glial progenitors (Levitt et al., 1983; Voight, 1989), can also
give rise to neurons (Alvarez-Buylla et al., 2001; Fishell and
Kriegstein, 2003; Gotz et al., 2002). Restricted precursors
derived from neuroepithelial cells during development have
been proposed to be the major precursors giving rise to all
the neural cell types in the mature CNS (Mayer-Proschel et
al., 1997). The relationship between these cells has been
obscure in part due to the lack of definitive markers for
radial glia during development, which may be a conse-
quence of the heterogeneous nature of radial glia as various
subpopulations of neural stem cells. Radial glial heteroge-
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phosphorylated form of nestin) (Chanas-Sacre et al.,
2000), GLAST and BLBP in mice (Hartfuss et al., 2001).
One of our goals is transplantation (Hormigo et al., 2001) of
radial glia into the injured rat spinal cord in animal models
for spinal cord injury (Chang et al., 2003) and therefore we
focused our studies on rat. However, the radial glial marker
RC2 is not effective in the rat (Liu et al., 2002) and
antibodies against GLAST are not useful on cells in culture
except when grown acutely (data not shown). Thus, we have
used BLBP, which is a reliable marker for radial glia during
development (Anthony et al., 2004; Feng et al., 1994;
Hartfuss et al., 2001).
Neural stem cells are more neurogenic during early
stages and more gliogenic during later stages (Temple,
2001), and radial glial in cortex are the major, if not the
only, neuronal precursors in the VZ (Anthony et al., 2004;
Noctor et al., 2002). Opposing dorsal–ventral gradients of
morphogenetic factors in the central nervous system play
critical roles in cell division and specification during devel-
opment (Panchision and McKay, 2002). In particular, ven-
tral expression of sonic hedgehog (SHH) controls local
patterns of transcription factors including Olig-1 and Olig-
2 that are critical for oligodendrocyte specification and
differentiation (Lu et al., 2000). A subset of radial glia
expressing these bHLH transcription factors give rise first to
motorneurons and later to oligodendroglial precursors (Lu et
al., 2000; Zhou et al., 2000). Dorsal expression of BMPs is
thought to control differentiation of neurons in the dorsal
cortex early (approximately E12) while suppressing oligo-
dendroglial differentiation, and later (approximately E18) to
suppress neurogenesis and promote gliogenesis (Mehler,
2002). A2B5 expression appears in a graded manner being
higher ventrally and lower dorsally, suggesting that it might
be under the influence of dorsal–ventral signals. Interest-
ingly, preliminary experiments indicate that BMPs suppress
or reduce expression of A2B5 in L2.3 cells in culture
(unpublished observations), suggesting that they might
control the graded expression of A2B5 on radial glia along
the dorsal–ventral axis in vivo. In addition, the abundance
of A2B5 staining in the LGE vs. the MGE may be related to
localized expression of specific factors in the lateral GE that
act locally (Toresson et al., 1999).
Concurrent with the expression of A2B5 and 4D4 at
E13.5 in the rat LGE, we also observed 5A5+, h-III
tubulin+ neurons that are probably GABAergic neurons
generated in the MGE. The radial glial cells in LGE at
E13.5–15.5 are A2B5+ and later they generate mainly glial
cell types (Malatesta et al., 2003). More dorsally in the
cortex, the radial glia are 5A5+ where the glutaminergic
neurons are generated. At least from E13.5 to E15.5, there
appears to be significant overlap in the lateral cortex of
radial glia expressing A2B5 and 5A5. Although it is very
difficult to analyze whether individual cells express both
A2B5 and 5A5 because both antibodies are IgMs, these
antibodies have been suggested to mark nonoverlappingpopulations of cells (Mayer-Proschel et al., 1997). Howev-
er, it is possible that individual radial glia first express 5A5
and are neurogenic, and later express A2B5 and become
gliogenic.
It is of particular interest to characterize these markers
because cells believed to be GRPs and NRPs have been
isolated from embryonic neural tissues using monoclonal
antibodies A2B5 and 5A5, respectively (Liu et al., 2002).
Both antibodies recognize carbohydrate epitopes conserved
in mammals and thus may be particularly useful for cell
purification in various experimental models as well as in
humans. The relationship between radial glia and GRPs was
addressed using RC1 as a marker for radial glia that stained
radial glia at E14.5 in the rat (Liu et al., 2002). We also
found that RC1 staining is barely detectable before E14.5
(data not shown). However, at earlier stages of develop-
ment, other markers for radial glia have been observed (Fig.
6) (Feng et al., 1994; Misson et al., 1988). The evidence that
radial glia are present before the robust expression of A2B5
and 4D4 using both in vivo and in vitro analyses suggests
that subpopulations of radial glia can acquire these markers
in contrast to the converse possibility suggested previously
(Liu et al., 2002). Importantly, these observations indicate
that it may be possible to fractionate subpopulations of
radial glia from various regions of the nervous system using
monoclonal antibodies such as A2B5 and 4D4. These IgMs
appear to stain in identical patterns in the spinal cord (Liu et
al., 2002) and cortex (Fig. 6C), and they overlap with a
subset of BLBP+ radial glia. Although BLBP is a reliable
marker for embryonic radial glia, it is not useful for
immuno-purification (unlike A2B5) because it is found
primarily within the cell.
5A5 is a mouse IgM that recognizes polysialic acid on E-
NCAM and it recognizes developing neurons and their
precursors (Mayer-Proschel et al., 1997). By E15.5, most
of the 5A5 staining is observed on neuronal precursors in
the GE and newborn neurons migrating tangentially in the
mantle of the cortex. However, we detected another popu-
lation of 5A5+ cells in dorsal and medial cortex (where
A2B5 and 4D4 are not detected) that appear to align with
the radial glia. These 5A5+ radially oriented cells are likely
to be neural stem cells as they express nestin (data not
shown), but it remains to be determined whether they are
NRPs. Thus, there are at least two distinct sources of
neuronal progenitors in the forebrain, one located ventrally
giving rise early to interneurons and another located more
dorsally in the VZ as radial glia that become or give rise
later to projection neurons of the cortex.
A2B5/4D4 and 5A5 appear to mark radial glia with
different developmental fates in the spinal cord (Liu et al.,
2002; Mayer-Proschel et al., 1997) and possibly in the
cortex as well (Figs. 5 and 6). The ability, at least in vitro,
to clone radial glial-like cells (e.g. L2.3) that are BLBP+/
A2B5 and demonstrate their conversion into BLBP/
A2B5+ cells that also express NG2, suggests that BLBP+
radial glia in vivo may become or give rise to glial
H. Li et al. / Developmental Biology 271 (2004) 225–238236progenitors or GRPs. NG2 is a marker for glial progenitors
that has been detected on radial glia (Diers-Fenger et al.,
2001). Although GRPs in the optic nerve and possibly in the
spinal cord do not give rise to neurons, comparable cells
from the cortex may exhibit additional plasticity to become
neurons in vitro. The ability of L2.3 cells to give rise to
neurons, astroglia and oligodendrocytes in culture may
represent experimental plasticity and not necessarily their
developmental fate. Indeed, GFP-expressing neural stem
cells and GFP+ cell clones (e.g. G3.6) that are similar to
L2.3 are multipotent in vitro and gave rise almost exclu-
sively to glia when they do differentiate following trans-
plantation into the adult rat spinal cord (Hasegawa, Chang,
Li, and Grumet, unpublished observations; Cao et al., 2002).
The results suggest that radial glia can become increasingly
restricted toward glial fate with increasing passage possibly
by a clock-like mechanism similar to that proposed for O2A
cells (Gao et al., 1997; Temple and Raff, 1986).
Although our studies indicate that a subpopulation of
radial glia becomes restricted towards GRPs as suggested
previously (Hirano and Goldman, 1988), the A2B5+ clones
that we have isolated from cerebral cortex are multipotent in
vitro. We have not isolated immortalized A2B5+ clones
from cortex that do not give rise to neurons in culture as Rao
et al. have found for GRPs from the spinal cord (Gregori et
al., 2002). However, GRIP-1, an immortalized clone from
E13.5 rat spinal cord, also gave rise to some neurons (Wu et
al., 2002). The differences observed in neurogenesis for
various A2B5+ progenitors may reflect differences among
neural stem cells and radial glia present in different neural
tissues or subtle differences in growth conditions. Alterna-
tively, they may reflect a certain degree of plasticity in
culture similar to that demonstrated for the differentiation of
neurons from astroglia (Seri et al., 2001).
The ability to generate multipotent clones (e.g. L2.3)
from cells like radial glia is not surprising given that
similar approaches have been used to isolate multipotent
clones of neural stem cells such as C17.2 (Martinez-
Serrano and Bjorklund, 1997). L2.3 cells remain multi-
potent when passed in serum-free medium containing
FGF2, and differentiate in culture upon withdrawal of
FGF2 or addition of serum. The loss of BLBP from these
cells with passage in culture may be due to a lack of
neuronal signals in the neurosphere culture conditions since
expression of BLBP has been found to be regulated by the
presence of neurons (Feng et al., 1994). In addition, their
growth in the presence of FGF2, which may induce SHH
(Gabay et al., 2003), may alter patterns of gene expression
including BLBP and enzymes responsible for synthesis of
the A2B5 epitope. In any case, the acquisition of A2B5,
NG2 and GalC in the cells with increasing passage
indicates a restriction toward glial phenotypes as expected
for GRPs (Liu et al., 2002).
An alternative to the GRP hypothesis is the idea of a
common progenitor for oligodendrocytes and motor neu-
rons in the developing spinal cord. There is geneticevidence in vivo that spinal cord progenitors develop first
into neurons and later into oligodendrocytes but not into
astrocytes (Lu et al., 2002; Zhou and Anderson, 2002).
The ability of L2.3 cells to differentiate into TuJ1+
neurons and NG2, A2B5, and GalC+ oligodendroglia in
culture is consistent with a neuron/oligodendrocyte fate.
However, the differentiation of L2.3 cells into astrocytes in
culture may not represent the developmental fate of the
L2.3 cells, which needs to be tested in a physiologically
appropriate environment such as the embryonic CNS
where critical factors for their development are likely to
influence their fate. Further understanding of factors that
regulate development of different types and stages of radial
glia may lead to the design of strategies that will promote
radial glial fates in vivo and facilitate treatment of neuro-
logical disorders.Note added in proof
A recent report (Anthony et al., 2004) indicates that
radial glia cells give rise to all or most neurons from the GE
and the cortex. Thus dorsal 5A5+ radial glia and ventral
A2B5+ radial glia may represent different temporal stages
of radial glia that are first neurogenic and later become
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